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I investigate the impact of a “would be” fundamental symmetry of the laws of nature under the
interchange of gravity and antigravity, on the understanding of negative energies in general relativity.
For this purpose a toy model that is based on Einstein-Hilbert gravity with two minimally coupled
self-interacting scalar fields is explored, where the second (exotic) scalar field with negative energy
density may be regarded, alternatively, as an antigravitating field with positive energy. Spontaneous
breakdown of reflection symmetry is then considered in order to discuss the implications the proposed
“would be” fundamental symmetry might have for the vanishing of the cosmological constant. A
possible connection of the gravity-antigravity symmetry with the so called quintom field is also
explored.
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I. INTRODUCTION
One of the most profound mysteries in fundamental
physics is the cosmological constant problem (see [1–
8] for well-known reviews on this subject). The physi-
cal basis for the cosmological constant Λ are the zero-
point vacuum fluctuations. The expectation value of
the energy-momentum tensor for vacuum can be written
in the Lorentz invariant form 〈Tµν〉vac = (Λ/8πG)gµν ,
where G is the Newton’s constant.1 It is divergent both
for bosons and for fermions. Since bosons and fermions
(of identical mass) contribute equally but with opposite
sign to the vacuum expectation of physical quantities,
supersymmetry was expected to account for the (nearly)
zero value of the cosmological constant, through an ac-
curate balance between bosons and fermions in nature.
However, among other objections, the resulting scenario
is not the one it is expected to occur if a universe with
an early period of inflation (large Λ) and a very small
current value of Λ is to be described [4] and, besides, su-
persymmetry is badly broken in nature at high energies
∼ 102 GeV [2]. This leads to an unacceptable large value
of the vaccum energy density ρvac. Although other mech-
anisms and principles – among them a running Λ and the
anthropic principle – have been invoked to solve the cos-
mological constant (vacuum energy density) puzzle, none
of them have been able to give a definitive answer to this
question and the problem still remains a mystery [1–8].
A related (also unresolved) question is that, besides su-
persymmetry, there is no other known fundamental sym-
metry in nature which will set to zero the value of Λ.
Hence, the search for a feasible candidate of such a sym-
metry also remains a challenge.
aElectronic address: iquiros@fisica.ugto.mx
1 In the natural units adopted in this paper, where the speed of
light c = ~ = 1, the Planck mass is related with the Newton’s
constant through the known relationship M2
Pl
= 1/8piG.
In the present paper I want to further develop an ear-
lier proposal, where the possibility that such a funda-
mental symmetry could be the one generated by the in-
terchange of gravity and antigravity, was explored for the
first time [9]. The intuitive idea behind this possibility is
that, once this symmetry is incorporated into the theory
of gravitation coupled to the standard model of particles
(SMP), to each gravitating (G) particle/antiparticle, it
corresponds an antigravitating (aG) partner, whose con-
tribution to the vacuum energy exactly cancels the gravi-
tating particle’s contribution. As it is for supersymmetry,
the adoption of the gravity-antigravity (G-aG) symme-
try would double the number of existing standard model
particles and antiparticles [10]. While in the absence of
gravity – as, for instance, in Minkowski vacuum – the
G-particles/antiparticles and their aG-partners are the
same, as long as gravity is switched on, these are differen-
tiated by their interactions with the gravitational field.2
Also, as a result of the G-aG symmetry, the only allowed
vacuum processes are those which satisfy the conserva-
tion of the gravitational charge. For instance, virtual
particles created out of the vacuum can arise in pairs of
the form (G-particle, aG-antiparticle), or (aG-particle,
G-antiparticle), but never in pairs like (G-particle, G-
antiparticle), etc. Naively the whole picture can be visu-
alized as if there were two distinct vacua: one gravitating
and other one that antigravitates so that, assuming an
exact balance – independent of the mean energy of the
gravitating/antigravitating vacua – the resulting net (av-
eraged) vacuum does not gravitate at all.
The kind of symmetry I am proposing to account
for the (nearly) zero value of the cosmological constant,
2 The relative strength of the expected effect of switching on grav-
ity, when compared with the strength α ≈ 1/137 of the electro-
magnetic interactions, is of the order ∼ 10−36. Hence, one should
not expect to discover antigravitating particles/antiparticles in
standard experiments with a cloud or a bubble-chamber.
2opens up the possibility that such exotic entities like aG-
objects, might exist in nature. So, why this kind of ob-
jects are not being observed in our universe? A similar
question has been raised before in the context of matter-
antimatter symmetry [11–16]. In this last case a possible
mechanism for generating the desired amount of baryon
asymmetry relies on three necessary (Sakharov’s) condi-
tions [11]: i) baryon number non-conservation, ii) C and
CP violation and iii) deviations from thermal equilib-
rium. In the same fashion, an answer to the problem of
gravitating-antigravitating matter asymmetry could be
approached. In this sense, if accept a nonvanishing net
vacuum energy density, one should expect an (perhaps
very tiny) amount of violation of conservation of the grav-
itational charge associated with G-aG symmetry.
A very encouraging aspect of the symmetry between
gravity and antigravity is its ability to deal with nega-
tive energies. As we shall see, if take for serious the G-aG
symmetry, the occurrence of negative energies in general
relativity is not as harmful as thought: the negative en-
ergy gravitating fields may be regarded as positive energy
fields which antigravitate.
Although the approach undertaken in this paper is
fully classical, consideration of quantum effects is of
prime importance to understand the actual feasibility of
G-aG symmetry to occur in nature. This is due to the
potential danger of dealing with negative energies even if
these can be viewed as positive through trading gravity
by antigravity. Anyway, the idea of adopting G-aG sym-
metry as a fundamental symmetry of nature is so excit-
ing that even a classical approach to it seems interesting
enough.
II. G-AG SYMMETRY
Before pushing the G-aG idea any further, let us
note that the G-aG transformation: G → −G, may
be viewed alternatively as the interchange of the Planck
mass squared and the negative (tachyonic) Planck mass
squared:
G→ −G ⇔ M2Pl → −M2Pl.
Hence, simultaneously with the interchange of gravity
and antigravity, signature reversal: gµν → −gµν [17], is
also required in order to preserve causality. Actually, let
us consider the Klein-Gordon equation for a massive field
ψ:3 (
∂2 −m2)ψ = 0,
where ∂2 ≡ gµν∂µ∂ν . Even without making statements
on the G-aG symmetry we see that, under the replace-
ment of a particle by its tachyonic partner: m2 → −m2
3 In this paper I chose the East coast signature for the metric:
(−+++).
(m → ±im), signature reversal gµν → −gµν ⇒ ∂2 →
−∂2 is simultaneously required in order to preserve the
equation of motion.
In this paper I shall explore the symmetry relating
gravity with antigravity by investigating classical actions
of the following form:
S =
∫
d4x
√
|g|
[
R
16πG
+ L(ψ, ∂ψ)− L(ψ¯, ∂ψ¯)
]
, (1)
where L(ψ, ∂ψ) is the Lagrangian for the gravitating
fields ψ, while L(ψ¯, ∂ψ¯) is the Lagrangian for their anti-
gravitating partners ψ¯. Notice that the full Lagrangian
in (1) times 16πG, can be written in the following way:
R + 16π
[
GL(ψ, ∂ψ) + (−G)L(ψ¯, ∂ψ¯)], where it is made
explicit that the unconventional negative sign of the
ghost Lagrangian L(ψ¯, ∂ψ¯), can be absorbed into the
Newton’s constant, so as to make manifest that the field
ψ¯ carries conventional energy signature at the cost of
antigravitating.
The action (1) has been explored before in [18] to ad-
dress the cosmological constant problem but it has not
been related with G-aG symmetry in that reference.4 It
is straightforward noting that, the pure gravity part of
(1): Sg =
∫
d4x
√
|g|R/(16πG), is by itself G-aG sym-
metric. Actually, under signature flip: gµν → −gµν , the
Ricci tensor is unchanged Rµν → Rµν , while the curva-
ture scalar R → −R, so that, as long as simultaneously
G → −G, the ratio R/G is unaltered. This means that,
whenever gravitating and antigravitating sectors are de-
coupled, gravity is attractive as felt by both observers
living in the G sector and in the aG one. However, in
the case when the G and aG sectors are mixed together,
gravity, assuming it is generated by a G-matter source,
is attractive for the G-particles while it is repulsive for
the aG-particles. The contrary situation is true if the
gravitational field is generated by an aG-matter source.
Now I will discuss on how harmless the negative en-
ergies could be if adopt the G-aG symmetry as a funda-
mental principle of physics.5 Let us assume an isotropic
and homogeneous matter distribution within the three-
volume Ω, with energy density ρ, so that the gravitational
mass inside that volume is given by: M =
∫
Ω
d3x ρ. If
ρ were a negative quantity (ρ < 0), so were the gravita-
tional mass M < 0. The Newtonian gravitational poten-
tial of that matter distribution is given by: Φ = −GM/r
(r ≡ |r|). This is positive since we are assuming that
M < 0, hence, any test particle with positive grav-
itational mass m would feel gravitational repulsion of
strength ~f = −m~∂Φ, from the massM . A more plausible
4 In recent years the model of [18] has been exploited also in the
context of the so called “energy-parity” in scenarios with a ghost
sector which complements the “visible matter” sector [19, 20].
5 To learn about the recurrence of negative energy densities in
physics, see reference [21–23].
3physical interpretation is possible if assume G-aG sym-
metry to be a fundamental symmetry of physics. In this
latter case, instead of a repulsive gravitational field gen-
erated by a negative gravitational mass (M < 0) acting
on the test particle m, one adopts the alternative picture
where a repulsive antigravitational field (G < 0) is gen-
erated by a positive mass M > 0, i. e., by a positive
energy density ρ > 0.
III. FERMIONS AND G-AG SYMMETRY
The action (1) is G-aG symmetric either, if the La-
grangian of the G-matter fields (and of their aG-partners)
is unchanged by the G-aG transformations: G → −G,
gµν → −gµν, or, if the following transformation is
satisfied simultaneously with the G-aG transformations
above:
L(χ, ∂χ)→ −L(χ, ∂χ), L(χ¯, ∂χ¯)→ −L(χ¯, ∂χ¯), χ→ χ¯.
In order to explore this issue, let us consider a spin 1/2
Dirac spinor field ψ, where I assume the Dirac gamma
matrices to obey {γµ, γµ} = 2gµν1. Hence, since I chose
the East coast signature (−+++), the Dirac Lagrangian
reads:
Lψ = 1
2
ψˆ(x) (γµ∂µ −m)ψ(x), (2)
where the curved space gamma matrices are defined as
usual: γµ = γaeµa (e
a
µ is the tetrad field obeying gµν =
ηabe
a
µe
b
ν , while γ
a are the usual Dirac gamma matrices
in the Minkowski space), ψˆ = ψ†γ0 is the Dirac adjoint,
and the sign of m is irrelevant. In the above equations,
for simplicity, I omitted the gauge terms like ieAµ, the
spin connection, etc. In order to include these terms one
should just replace the space-time derivative ∂µ by the
covariant guage derivative Dµ = ∂µ+ieAµ+igW
i
µσ
i+ ...,
where the ellipsis stand for the spin connection terms.
The stress-energy tensor for the Dirac spin 1/2 field
can be written as
T (ψ)µν = ψˆγµ∂νψ − gµνLψ = ψˆγµ∂νψ, (3)
where, in the last step, we took into account the
fact that the spinor field equations are first order:
(γµ∂µ −m)ψ(x) = 0, so that we can set Lψ = 0. Notice
that the signature reversal transformations:
m→ ±im, gµν → −gµν , (4)
are a symmetry of the Dirac’s equation only if, at the
same time, γµ → ±iγµ, where the factor “i” may be
ascribed to the transformation of the tetrad: eµa → ±ieµa
(eaµ → ∓ieaµ), which induces the signature flip gµν →
−gµν .6 This implies that, under (4), γ0 → ±iγ0, while
ψˆ → ±iψˆ and
ψˆγµ∂µψ → −ψˆγµ∂µψ, mψˆψ → −mψˆψ
⇒ Lψ → −Lψ. (5)
Besides, since γµ → ∓iγµ, ⇒ ψˆγµ → ψˆγµ, this means
that under signature reversal the stress-energy tensor of
the spin 1/2 field (3) is unchanged. This is more easily
seen from the definition of the stress-energy tensor of
matter:
Tµν = − 2√|g|
∂
(√
|g|L
)
∂gµν
, (6)
which is unchanged by the simultaneous transformations
gµν → −gµν , L → −L.
The following Einstein-Dirac equations can be derived
from the action (1) with L(ψ, ∂ψ) ≡ Lψ and L(ψ¯, ∂ψ¯) ≡
Lψ¯ given by Eq. (2):
Gµν ≡ Rµν − 1
2
gµνR = 8πG
[
T (ψ)µν − T (ψ¯)µν
]
,
(γµ∂µ −m)ψ = 0, (γµ∂µ −m) ψ¯ = 0,
∂µψˆγ
µ +mψˆ = 0, ∂µ
ˆ¯ψγµ +m ˆ¯ψ = 0, (7)
where the stress-energy tensors for the gravitating Dirac
field T
(ψ)
µν and for the antigravitating one T
(ψ¯)
µν , are given
by Eq. (3). Notice that the equations (7) are manifestly
invariant under the G-aG transformations
G→ −G, gµν → −gµν , ψ → ψ¯, ψˆ → ˆ¯ψ, (8)
which include the signature reversal transformation (4).
I want to underline that there is no problem with the
unconventional negative sign of the momentum-energy
tensor T
(ψ¯)
µν of the antigravitating spin 1/2 Dirac field ψ¯
in the Einstein equation in (7), since, as mentioned above,
this sign can be absorbed into the Newton’s constant G
which, for the antigravitating particles, is negative: −G,
8πG
[
T (ψ)µν − T (ψ¯)µν
]
= 8π
[
GT (ψ)µν + (−G)T (ψ¯)µν
]
.
Implementing the above procedure in the case involv-
ing scalar fields is more difficult as we shall see. Nonethe-
less, scalar fields are central to the SMP in order to imple-
ment the acquirement of mass by the elementary particles
and, if one wants to take for serious the G-aG symmetry,
scalar fields can not be avoided.
6 Under this interpretation, the constant Dirac gamma matrices
γa and the constant Minkowski metric ηµν are unchanged by
the signature transformation [17].
4IV. G-AG SYMMETRY AND SCALAR FIELDS
In this section I shall implement the approach of the
former section in a toy model that is based on general
relativity plus a pair of minimally coupled self interacting
scalar fields. The Lagrangian for such a scalar fields is
usually given by
Lχ = −1
2
(∂χ)
2 − V (χ), (9)
where the χ collectively stands for the gravitating and
antigravitating partners φ and φ¯, respectively. As seen,
due to the fact that under signature reversal the scalar
field potential V (χ) is not transformed, while (∂χ)2 →
−(∂χ)2, this Lagrangian does not transform under the
G-aG transformations in the same way as the spin 1/2
field Lagrangian (2) does (see Eq. (5)).
Hence, in order to extend the approach of the former
section to the scalar field sector, in the Lagrangian (9)
we introduce the following innocuous factor multiplying
the potential V :
γ ≡ G|G| , γ
2 = 1 ⇒ γ = ±1, (10)
so that we end up with Lχ = −(∂χ)2/2− γV (χ). Under
the G-aG transformations: G → −G (γ → −γ), gµν →
−gµν , this modified Lagrangian transforms as desired:
Lχ → −Lχ. The proposed action reads:7
S =
∫
d4x
√
|g|
{
R
16πG
− 1
2
(∂φ)2 − γV (φ)
+
1
2
(∂φ¯)2 + γV (φ¯)
}
.(11)
This action is manifestly invariant under the following
G-aG transformations:
G→ −G (γ → −γ), gµν → −gµν , φ→ φ¯. (12)
Besides if the potential V is an even function, then the
reflection φ→ −φ, φ¯→ −φ¯, is also a symmetry of (11).
The field equations derivable from the action (11) are
the following:
Gµν ≡ Rµν − 1
2
gµνR = 8πG
[
T (φ)µν − T (φ¯)µν
]
, (13)
∇2φ = γ dV (φ)
dφ
, ∇2φ¯ = γ dV (φ¯)
dφ¯
, (14)
7 Notice I kept the same symbol V for the self-interacting potential,
meaning that the functional form of both V (φ) and V (φ¯) is the
same.
where ∇2 ≡ gµν∇µ∇ν (∇µ accounts for the covariant
derivative operator). In Eq. (13) the stress energy tensor
for the scalar fields φ and φ¯ is defined as usual (see the
definition in Eq. (6)):
T (χ)µν = ∂µχ∂νχ−
1
2
gµν(∂χ)
2 − γ gµνV (χ), (15)
where, as before, χ is the collective name for the fields φ
and φ¯. It is not difficult to check that the field equations
(13), (14), respect the G-aG symmetry (12).
Notice that the stress-energy tensor for the exotic
scalar T
(φ¯)
µν enters with the wrong sign in the right-
hand side (RHS) of the Einstein’s equation (13). From
the physical standpoint this means that, if assume that
T
(φ¯)
00 ≥ 0 is non-negative, the exotic field contributes
with a negative effective energy: ρeff
φ¯
= −T (φ¯)00 < 0, to
the energy budget which sources the gravitational field.
However, in view of the G-aG symmetry inherent in the
theory (11), (13), (14), the ghost field φ¯ may be regarded
as a standard scalar field with the positive energy density
which, instead of gravitating, antigravitates. This feasi-
ble physical interpretation is apparent if one realizes that,
in the RHS of the Einstein’s equation (13), the minus sign
in the second term may be absorbed into the Newton’s
constant: 8π[GT φµν + (−G)T φ¯µν ]. Hence, as it was for
the fermion fields, once G-aG symmetry is adopted, for
the scalar fields the negative energies are harmless in the
present setup.
V. NORMALIZED GRAVITATIONAL CHARGE
In this section I want to make a few comments on the
innocuous factor γ defined in Eq. (10) of the former
section. Given the two possible eigenvalues of γ, it is
evident from the definition that, for the gravitating fields
χ, the normalized gravitational charge γχ = +1, while for
the antigravitating fields χ¯, the normalized gravitational
charge γχ¯ = −1. In this vein the gravitational charge of
a given field χ can be expressed as: Qgrav = γχm
χ
grav,
where mχgrav is the gravitational mass of the field.
At first sight it looks like if in Minkowski (nongravi-
tational) background our G-aG symmetry, in the matter
sector:8 ηµν → ηµν , φ→ φ¯, ρmat → −ρmat, does not dif-
fer from the “energy-parity” symmetry [19]: ηµν → ηµν ,
φ→ φ¯, H → −H (H is the matter Hamiltonian). Mean-
while, in the case when the gravitational interactions are
turned on, our setup differs from that of Ref. [19] in that,
while the gravitational action in (11) respects the G-aG
symmetry, it explicitly violates the energy-parity.
8 Since, as already explained, the sign flip of the gravitational met-
ric gµν is due to the transformation of the tetrad: eaµ → ∓ie
a
µ
,
hence, in the absence of gravitation, under the G-aG transfor-
mations the Minkowski metric is unchanged: ηµν → ηµν .
5In order to explain this apparent paradox let us show
that, even in the absence of gravity, our setup clearly dif-
fers from the one in Ref. [19]. To make the differences
evident in flat Minkowski space, lets go into the matter
Hilbert space. Since we assume that the (normalized)
gravitational charge γ is conserved but, perhaps, for a
very tiny violation in our present universe where gravity
is switched on, then γ commutes with the matter Hamil-
tonian H : [H, γ] = 0. Actually, since γ2 = 1 ⇒ γ = ±1,
then γ|ψ〉 = ±|ψ〉 , and
Hγ|ψ〉 = ±H |ψ〉 = ±E|ψ〉 ,
γH |ψ〉 = γE|ψ〉 = ±E|ψ〉 ⇒ [H, γ] = 0,
where the energy E is an eigenvalue of the Hamilto-
nian H . Here I want to point out that, in correspon-
dence with the two possible eigenvalues of the normal-
ized gravitational charge γ = ±1, there are two pos-
sible eigenstates |ψ〉±E = ±| ψ〉E with the same (posi-
tive) energy E > 0. In Ref. [19], on the contrary, it
is postulated that the “energy-parity” symmetry opera-
tion P (P 2 = 1), does actually anticommute with the
Hamiltonian: {H,P} = 0, so that, an energy eigenstate
H |ψ〉E = E|ψ〉E is transformed into one with the oppo-
site energy HP |ψ〉E = −EP |ψ〉E by the action of the
energy-parity P . The fact that the operator P does not
commute with the Hamiltonian, means that, unlike the
normalized gravitational charge γ, P is not a conserved
quantity, which means, in turn, that the energy-parity it
is not an actual symmetry of (11).
VI. VACUUM ENERGY
The introduction of a constant Λ term in the action
(1) breaks the G-aG symmetry. This fact hints at the
possibility that, precisely, this kind of symmetry could
be responsible for a zero value of the cosmological con-
stant. Violations of this symmetry would yield to a
net non-vanishing vacuum energy. Since models with
spontaneous symmetry breaking are relevant to the cos-
mological constant problem [4], here I shall explore the
model (11) of the former section by considering symmetry
breaking potetials V (φ) and V (φ¯). A remarkable prop-
erty of the model (11) is that the Klein-Gordon equations
(14) for the fields φ and φ¯, coincide. The consequence
is that both fields will tend to run down the potentials
towards smaller energies. Therefore, if V has global min-
ima, both φ and φ¯ will tend to approach one of these min-
ima. This is, precisely, the key ingredient in the present
approach to explain the link between the G-aG symme-
try and the vanishing of the vacuum energy. Actually,
what matters to the effective vacuum energy
ρeffvac = V (φvac)− V (φ¯vac), (16)
is the difference in the self-interaction potentials at vac-
uum values of the fields 〈φ〉 = φvac and
〈
φ¯
〉
= φ¯vac,
so that, if V (φvac) = V (φ¯vac), the vacuum energy den-
sity vanishes. To illustrate this point, let us consider the
“Mexican hat” potential [24]:
V (χ) = λ
(
χ2 − v
2
2
)2
, (17)
where λ is the self-coupling, while v is the symmetry
breaking parameter (v ≃ 246 GeV). The symmetric state
(φ, φ¯) = (0, 0) is unstable and the system settles in one
of the following ground states (φvac, φ¯vac): (v/
√
2, v/
√
2),
(v/
√
2,−v/√2), (−v/√2, v/√2), (−v/√2,−v/√2). This
means that the reflection symmetry φ → −φ, φ¯ → −φ¯,
inherent in the theory (11) with the potential (17), is
spontaneously broken. Since V (φvac) = V (φ¯vac) = 0,
the immediate consequence is that the effective vacuum
energy (16) vanishes: ρeffvac = 0. Hence, no net cosmo-
logical constant is left after reflection symmetry break-
ing, and the G-aG symmetry is preserved by the vacuum
state. This result is not modified if, instead of (17), use
the symmetry breaking potential V (χ) = λχ4 − 2v2λχ2
[25]. In this latter case, at the minimums (χ = ±v):
V (±v) = −λv2. Hence, V (φvac) = V (φ¯vac) = −λv2, so
that no net vacuum energy (16) survives after symmetry
breaking.
At this point a comment is required: given that the
initial conditions for the fields φ, φ¯, in principle differ, it
may arise that, while these fields are rolling down their
potentials, a certain residual dynamical cosmological con-
stant
Λ(φ, φ¯) = V (φ) − V (φ¯) 6= 0 (|Λ(φ, φ¯)| ≤ λv4/4),
might have inflated the universe. Yet the G-aG symme-
try is preserved. As long as both fields settle down in
the minimums of their potentials the residual cosmolog-
ical constant (effective vacuum energy) vanishes as we
explained above.
Which physical mechanism is actually responsible for
a small violation of G-aG symmetry, is a question that
could be clarified only once exotic antigravitating fields
like φ¯, are built into a fundamental theory of the physical
interactions, including gravity.9 In the absence of such
fundamental theory of the unified interactions, one might
only conjecture on the physical origin of the G-aG asym-
metry. In this regard, a possible origin of the aforemen-
tioned asymmetry can be explained using similar argu-
ments than those used to explain the matter-antimatter
asymmetry [11–14, 16], i. e., by invoking nonconservation
of the gravitational charge. Since any initially generated
G-aG asymmetry may be washed out by cosmological in-
flation, a postinflationary mechanism for generating the
9 The existing standard model of the fundamental interactions,
without the inclusion of gravity, is unable to differentiate gravi-
tating and antigravitating particles.
6tiny asymmetry observed in the cosmological scales, is re-
quired. An alternative can be a mechanism of the kind in
Ref. [14], which is based on the consideration of complex
scalar fields and higher dimension operators that explic-
itly break the global U(1) symmetry, where the necessary
amount of asymmetry is generated, precisely, during in-
flation.
VII. G-AG SYMMETRY AND QUINTOM
MODELS
There is an alternative to the introduction of the in-
nocuous factor γ = G/|G| of Eq. (10), in the scalar fields
self-interaction potentials in (11). Actually a quintom-
like Lagrangian model [26]:
L = R
16πG
− 1
2
(∂ϕ)2 − V (ϕ) + 1
2
(∂ϕ¯)2 − V (ϕ¯),
respects the G-aG symmetry (12). The field equations
read:
Gµν = 8πG
[
T (ϕ)µν − T (ϕ¯)µν
]
,
∇2ϕ = dV (ϕ)
dϕ
, ∇2ϕ¯ = −dV (ϕ¯)
dϕ¯
, (18)
where Lϕ = −(∂ϕ)2/2 − V (ϕ) and Lϕ¯ = −(∂ϕ¯)2/2 +
V (ϕ¯), and the stress-energy tensors above are defined by
(6). This means that the scalar field Lagrangians, in this
case, do not transform under signature flip in the same
way as the former matter Lagrangians did. Nonetheless,
under the simultaneous transformations: gµν → −gµν ,
ϕ→ ϕ¯, the difference Lϕ−Lϕ¯ is not transformed, mean-
while
T (ϕ)µν − T (ϕ¯)µν → −
[
T (ϕ)µν − T (ϕ¯)µν
]
.
Hence, the field equations (18) are invariant under the
G-aG transformations:
G→ −G, gµν → −gµν , ϕ→ ϕ¯.
Unlike the model of (11), the fields ϕ and ϕ¯ do not
follow the same motion equations: while the scalar field
ϕ rolls down the potential V (ϕ) towards (one of) the
minimum(s), its antigravitating partner ϕ¯ rolls up toward
the local maximum of V (ϕ¯). In other words: ϕ¯ rolls
down towards the local minimum of the potential −V (ϕ¯).
Assuming self-interaction potentials of the kind (17) and
given convenient initial conditions, it may happen that
in the vaccuum state ϕvac = ±v/
√
2, while ϕ¯vac = 0, so
that a nonvanishing effective energy density is generated
ρeffvac = V (ϕvac) + V (ϕ¯vac)
= 0 + V (ϕ¯vac) =
λ
4
v4 ∼ 3.6× 109 GeV4,
leading to breakdown of the G-aG symmetry by the vac-
cuum state. Of course, this toy model which is sustained
by potentials of the mexican-hat kind, produces an inad-
missible large amount of breakdown of G-aG symmetry,
which differs from the observed value by some 56 orders.
Anyway, the adoption of G-aG symmetry in quintom
models means that the unconventional negative sign of
the kinetic energy of the phantom field ϕ¯ is harmless,
since ϕ¯ can be regarded as having conventional positive
kinetic energy as long as it antigravitates, i. e., it feels
a negative gravitational coupling −G < 0. In this case,
however, a cautionary note is to be made: although the
antigravitating field ϕ¯ has positive kinetic energy, its self-
interaction potential can be a negative quantity, so that
one has to care about the functional form of the potential
in order to avoid any problem with the negative energies.
VIII. QUANTUM INSTABILITY
Let us, first, to qualitatively discuss how the G-aG
symmetry impacts the issue about the potential instabil-
ities of the proposed scenarios when gravity is switched
on. While negative energies may have catastrophic con-
sequences in non-gravitational (in particular Minkowski)
backgrounds, in backgrounds with a gravitational dy-
namics, thanks to the G-aG symmetry, the negative sign
of the energy density may be harmless. Actually, as
already shown, thanks to the interaction with gravity,
which is quantified by the gravitational couplingG (prop-
erly the Newton’s constant), any negative energy density
ρmat < 0 in the RHS of the Einstein’s equations (13), may
be regarded as positive if, at the same time, the attrac-
tive character of the gravitational interactions is traded
by gravitational repulsion (antigravitation) through the
sign flip G → −G. In consequence, the standard tenet
that “a negative-energy field can not have a (gravitating)
vacuum state of minimal energy,” i. e., that no consistent
quantum field theory can be build out of such a field, may
be wrong if adopt the G-aG symmetry as a fundamen-
tal principle of nature, since “a vacuum state of minimal
(positive) energy indeed exists which antigravitates.” In
this vein gravity-induced vacuum decay is prevented.
If assume a nongravitational background gµν = ηµν ,
gravity-induced vacuum decay is surely avoided. How-
ever, in this case a more serious and problematic ob-
jection against negative Lagrangians/energies is related
with potential instabilities originating from the direct
matter couplings ∝ φ2φ¯2 between φ and φ¯, that might
arise due to quantum effects. In general, these couplings
would contribute to the decay of the vacuum.10
10 As shown in [19] for the case when “energy-parity” symmetry is
adopted, if assume these couplings to have their minimal natural
length, they do not dominate any of the vacuum decay estimates
and may be ignored. In other words, in Ref. [19] it has been
7In the following lines I shall discuss how the above
picture with the apparently insurmountable instabilities,
is modified by the adoption of G-aG symmetry. For this
purpose let us explore the setup (11) when the Minkowski
space is considered. In this case the mentioned setup is
represented by the effective Lagrangian:
L [φ, φ¯] = L [φ]− L [φ¯] , (19)
where, as customary, L [χ] = −(∂χ)2/2−V (χ). Actually,
in the Minkowski space, under the G-aG transformations,
the kinetic energy term ∝ (∂χ)2 does not change sign.11
This is why, in Eq. (19), I have removed the innocuous
factor γ multiplying the potentials. As a consequence,
under the transformation: φ → φ¯, the Lagrangian (19)
transforms like: L [φ, φ¯] → −L [φ, φ¯]. Hence, in order
to implement the approach of section IV in the present
case where gravity is switched off, I propose the following
gravitationally weighted Lagrangian:
Lγ
[
φ, φ¯
]
= γL [φ, φ¯] = γL [φ]− γL [φ¯] , (20)
which is invariant under the transformations:
γ → −γ, ηµν → ηµν , φ→ φ¯. (21)
In the absence of gravity Eq. (21) amounts to the
G-aG transformations (12). Due to the vanishing ef-
fects of gravity, in this case it is more convenient to
write γ =M2Pl/|M2Pl|, so that the first transformation in
(21) may be regarded as a transformation between fields
with positive (normalized) gravitational charge γφ = +1
(M2Pl > 0), and their partners with the negative gravi-
tational charge γφ¯ = −1 (M2Pl < 0). Hence, the ghost
Lagrangian
Lghost = −L
[
φ¯
]
= γφ¯
[
−1
2
(∂φ¯)2 − V (φ¯)
]
,
may be regarded, alternatively, as a gravitationally
weighted Lagrangian for a field with the positive en-
ergy, but with negative normalized gravitational charge
γφ¯ = −1.
An alternative explanation of how the multiplication
of the Lagrangian by the innocuous factor γ changes the
shown that, in a cosmological context compatible with inflation
and standard cosmology, the vacuum decay due to the coupling
between the fields φ and φ¯ may be acceptably slow under rea-
sonable assumptions.
11 Recall that the sign flip of the gravitational metric gµν is due to
the transformation of the tetrad: eaµ → ∓ie
a
µ. Hence, under G→
−G, gµν → −gµν , the Minkowski metric is unchanged: ηµν →
ηµν . This is due to the trivial fact that in flat Minkowski space
gravitation is absent, so that gravitation and antigravitation are
indistinguishable phenomena.
whole picture, can be given if go into the Hilbert space
of states |ψ〉, and consider the Hamiltonian12
H =
∫
d3xH, H =
˙¯φ2
2
+
1
2
(∇φ¯)2 + V (φ¯). (22)
As already explained in section V, given that the nor-
malized gravitational charge γ = ±1 commutes with the
Hamiltonian, the negative energy eigenstate H |ψ〉−E =
− E|ψ〉−E , may be regarded as a positive energy eigen-
state |ψ〉−E of the gravitationally weighted (self-adjoint)
Hamiltonian operator: Hγ ≡ γH = Hγ = H†γ , corre-
sponding to the negative eigenvalue of the gravitational
charge operator. Actually, since
γ |ψ〉− = − |ψ〉− , H |ψ〉E = E|ψ〉E ,
then
Hγ |ψ〉−E = Hγ |ψ〉−E = − E|ψ〉−E ,
where, as said, |ψ〉−E is an eigenstate of the gravitationally
weighted Hamiltonian Hγ characterized by positive en-
ergy E > 0 and negative normalized gravitational charge
γψ = −1. Hence this state is repelled by the gravitating
matter and, in order to excite it, positive energy ≥ E is
required.
By the same procedure explained above, in the case of
the quintom models (see section VII), one has (no grav-
ity)
γ
[
−1
2
(∂ϕ)2 − V (ϕ)
]
+ γ
[
1
2
(∂ϕ¯)2 − V (ϕ¯)
]
=
γ
[
−1
2
(∂ϕ)2 − V (ϕ)
]
− γ
[
−1
2
(∂ϕ¯)2 + V (ϕ¯)
]
.
In this case the phantom Lagrangian (second term in
the last line above) is traded by the negative gravity-
charged (γϕ¯ = −1) Lagrangian of a tachyon field with
negative mass squared −m2 = −∂2V/∂ϕ¯2 < 0, but with
positive kinetic energy density −(∂ϕ¯)2/2 > 0. In conse-
quence, I have transferred the non-unitarity/absence of
a stable vacuum state problem, which is associated with
ghosts, to instabilities associated with propagating tachy-
onic fields. Fortunately, for the usual tachyonic instabil-
ity which arises in a Lorentz invariant theory when some
field has a negative mass squared m2 < 0, the time-scale
τ of the instability is set by the inverse mass, τ ∼ 1/|m|,
which may be very long compared to the other char-
acteristic time scales if m2 is small enough [27], i. e.,
conventional tachyonic instabilities are present only for
long wavelength modes, so that their rate of growth is
12 Here the dot means derivative with respect to the time coordi-
nate, while ∇ stands for the 3-dimensional divergence.
8bounded. As a consequence the instabilities associated
with the phantom field [28] in quintom models are much
more harmful and less controlled than those due to their
tachyonic alternative.
IX. CONCLUSION
Although the naive approach explored in this paper is
classical and far from realistic – recall that the toy mod-
els of sections IV and VII include only a couple of scalar
fields so that these should be complemented with the in-
clusion of other boson and fermion fields of the SMP –
and, besides, it is incomplete in that it gives no expla-
nation about a feasible mechanism for the present small
violation of G-aG symmetry, nevertheless, it gives valu-
able insight on a possible connection between this (would
be) fundamental symmetry of nature and the vanishing
of the vacuum energy density. At the same time, on
the light of the G-aG symmetry, the occurrence of nega-
tive energies in general relativity is much less dangerous
than it seems. This is at the cost, however, of doubling
the number of fields of the SMP, a process that bears
no physical consequences, unless the gravitational inter-
actions are switched on. In this latter case the relative
strength of the gravity-antigravity effects, is suppressed
by a factor of 10−36, when compared with the strength of
the electromagnetic effects set by α ≈ 1/137. Otherwise,
since only at energy scales of the order of the Planck en-
ergy ∼ 1019 GeV, are the effects of gravity comparable to
those of the remaining interactions, it will very difficult
to observe any effects coming from the G-aG symmetry,
or from its absence, in current accelerator experiments.
Perhaps cosmology will be a better suited arena where to
look for signatures of the “would be” symmetry between
gravity and antigravity.
Thinking in a cosmological scenario, one can guess
that the starting state of the universe was one in which
there was an exact balance between gravitating and anti-
gravitating particles (no net gravity effects). Then, due
to some initial density perturbations, gravitating par-
ticles progressively attracted among then and repelled
antigravitating particles and so on, so that both kinds
of fields nucleated in separate spacetime domains with
growing volume. This marked the beginning of the cos-
mological expansion. I suspect that this kind of sepa-
rate nucleation of gravitational and antigravitational do-
mains occurred everywhere so that our particular uni-
verse evolved within one such domain. Hence, if the
present proposal were correct, one would expect that
somewhere out there antigravity drives the destiny of
(perhaps very large) parts of the universe, in a similar
way as gravity dictates the destiny of our particular uni-
verse. All of this is, of course, pure speculation.
If take seriously the possibility to have antigravitating
partners of each particle of the standard model, several
interesting questions should be addressed: Is the total
gravitational charge of the universe positive, negative or
exactly zero? In other words, is the universe as a whole
G-aG symmetric while locally the G-aG symmetry is not
satisfied? or, is it dominated by gravitating or antigrav-
itating objects? Another interesting question is related
with the kind of antigravitating objects that may exist
in nature. While a satisfactory answer to these – and
perhaps other deep questions – has to wait for more pro-
found investigation of the physical consequences of com-
plementing the SMP with antigravitating particles, the
idea seems exiting and we are invited to explore its many
faces.
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